Detection of microbes by TLRs on the plasma membrane leads to the induction of proinflammatory cytokines such as TNF-α, via activation of NF-κB. Alternatively, activation of endosomal TLRs leads to the induction of type I IFNs via IFN regulatory factors (IRFs). TLR4 signaling from the plasma membrane to NF-κB via the Toll/IL-1R (TIR) adaptor protein MyD88 requires the TIR sorting adaptor Mal, while endosomal TLR4 signaling to IRF3 via TRIF requires the TIR sorting adaptor TRAM. Similar to TLR4 homodimers, TLR2 heterodimers can also induce both pro-inflammatory cytokines and type I IFNs. TLR2 plasma membrane signaling to NF-κB is known to require MyD88 and Mal, while endosomal IRF activation by TLR2 requires MyD88. However whether, like TLR4, TLR2 requires a sorting adaptor for endosomal signaling was unclear. Here we show that TLR2-dependent IRF7 activation at the endosome is both Maland TRAM-dependent, and that TRAM is required for the TLR2-dependent movement of MyD88 to endosomes following ligand engagement. TRAM interacted with both TLR2 and MyD88 suggesting that TRAM can act as a bridging adapter between these two molecules. Furthermore, infection of macrophages lacking TRAM with herpes viruses or the bacterium Staphylococcus aureus led to impaired induction of type I IFN, indicating a role for TRAM in TLR2-dependent responses to human pathogens. Our work reveals that TRAM acts as a sorting adaptor not only for TLR4, but also for TLR2, to facilitate signaling to IRF7 at the endosome, which explains how TLR2 is capable of causing type I IFN induction.
Introduction
The mammalian innate immune system responds to invading pathogens by using pattern recognition receptors such as TLRs to detect conserved pathogen associated molecular patterns. The activation of TLRs initiates signal transduction pathways that determine the type and duration of the host anti-pathogen and inflammatory response (1-3). Upon encountering their cognate PAMP, TLR homo-or heterodimers become active and recruit downstream signaling proteins.
For example, LPS binding to the TLR4 complex causes recruitment of the adaptor proteins MyD88 adaptor-like protein (Mal) and TRIF-related adaptor molecule (TRAM). Mal and TRAM are bridging and sorting adaptors that recruit, and control the localization of, the signaling adaptors MyD88 and TIR domain-containing adaptor inducing IFN-β (TRIF) respectively to TLR4 (4) (5) (6) (7) (8) . A TLR4/Mal/MyD88 complex is formed at the plasma membrane, due to an amino-terminal localization domain in Mal that interacts with phosphatidylinositol-4,5 bisphosphate in the plasma membrane (6) . This complex mediates MyD88-dependent signaling from the plasma membrane, via IL-1R-associated kinases (IRAKs) and TNFR associated factor 6 (TRAF6), leading to activation of MAPKs and of the transcription factors AP-1 and NF-κB. In contrast to Mal, TRAM contains a bipartite aminoterminal myristoylation motif and polybasic domain that regulates the intracellular location of TRAM (7) . Both domains are required for plasma membrane targeting of TRAM, while the myristoylation motif is required for TRAM to localize at endosomes (7, 9) . Thus a TLR4/TRAM/TRIF complex is formed at the membrane of endosomal compartments, and this signals via TRAF3 to activate the transcription factor IFN regulatory factor 3 (IRF3) (7) . For TLR4 signaling, Mal-dependent NF-κB activation upregulates inflammatory genes such as TNF-α, while TRAM-dependent IRF3 activation causes induction of IFN-β.
Apart from TLR4, several other TLRs can signal from endosomes to induce type I IFNs (IFN-α and IFN-β), in response to the detection of viral nucleic acids (10) . Thus TLR3 recognizes dsRNA; TLR7 and TLR8 recognize single-stranded RNA; and TLR9 recognizes CpG motifs in DNA (11) . For TLR3, type I IFN induction is achieved via TRIF and IRF3, while for TLR7, 8 and 9 the induction pathway involves MyD88-dependent IRF7 activation (10) .
Whereas TLR4 responds to LPS from Gram-negative bacteria, recognition of cell surface components of Gram-positive bacteria, such as lipoproteins and lipoteichoic acids, require TLR2 (12) . The fatty acid groups of triacylated lipopeptides are the ligand for TLR2/TLR1 heterodimers (13) , and the fatty acid groups of diacylated lipopeptides and LTA are ligands for TLR2/TLR6 heterodimers (14, 15) . Similar to TLR4 signaling, Mal acts as a bridging adaptor between the TLR2 receptor complex and MyD88, although high TLR2 ligand concentrations can overcome the requirement for Mal in the signaling pathway, while some downstream TLR2 signals are entirely Mal-independent (16, 17) .
Although TLR2 is best known for its role in recognizing bacterial and fungal cell wall components, it also plays a role in the immune response to viruses. Such responses could be due to direct recognition of viral PAMPs by TLR2, or production of virally-induced endogenous TLR2 ligands. Thus glycoprotein B from human CMV activates TLR2 signaling (18, 19) , while mouse CMV (20) , HSV types 1 and 2 (21, 22) , hepatitis C virus (23) , lymphocytic choriomeningitis virus (24) , measles virus (25) and vaccinia virus (VACV) (26) are also able to elicit TLR2-dependent responses. Activation of TLR2 may benefit the virus, for example measles virus may have evolved the ability to activate TLR2 as a means of upregulating the viral entry receptor CD150 (25) . However in other instances TLR2 activation contributes to protection, for example mice lacking TLR2 are impaired in their ability to mount an innate or adaptive immune response to VACV (26).
It was originally thought that TLR2/TLR1 and TLR2/TLR6 heterodimers elicited proinflammatory, but not type I IFN responses, after ligand engagement (7, (27) (28) (29) (30) . However, later studies demonstrated that bacterial TLR2 ligands can induce type I IFN responses, while live virus-induced type I IFN has been shown to be at least partially TLR2-dependent in the case of VACV, mouse CMV and murine gammaherpesvirus-68 (MHV68) (31) (32) (33) . Compared to the mechanism whereby TLR4 and the endosomal TLRs signal to type I IFN induction, much less is known about how TLR2 achieves this. Dietrich and colleagues showed that, upon stimulation with bacterial TLR2 ligands, the receptor is internalized and transported into endolysosomal compartments from where it induces IFN-β via MyD88 and IRF7 (31) . Inhibition of receptor internalization or endosomal acidification could block the induction of IFN-β and IFN-inducible genes but not proinflammatory cytokines like TNF-α. This suggests that TLR2 activation, similar to TLR4, induces pro-inflammatory and type I IFN responses from distinct sub-cellular sites: the plasma membrane and endolysosomal compartments, respectively (31). However, apart from the role of MyD88 and IRFs, the signaling pathway of TLR2-dependent production of type I IFNs has yet to be elucidated, and in particular it is unclear whether other TIR adaptor proteins apart from MyD88 are required.
In this paper we show that as well as MyD88, both Mal and TRAM are required for TLR2-stimulated IFN-β induction. TLR2-induced IFN-β but not TNF was sensitive to VIPER (Viral Inhibitory Peptide of TLR4), a viral peptide inhibitor of Mal and TRAM. VIPER is derived from the VACV protein A46 which inhibits TLR4 signaling in the context of a virus infection by disrupting TLR4:Mal and TLR4:TRAM interactions (34, 35) . Previously VIPER was shown to associate with Mal and TRAM but not MyD88 or TRIF (36) , and it is derived from a region of A46 shown to be essential for TLR4 inhibition, and to mediate an A46:TRAM interaction (35, 37) . Here, TLR2-induced IFN-β but not TNF-α required endocytosis, and was impaired in cells lacking Mal or TRAM, while TLR2-stimulated IRF7 activation was blocked by VIPER, and shown to require both Mal and TRAM. We demonstrate that stimulation of cells with a TLR2 ligand led to mobilization of MyD88 to intracellular punctate structures in a TRAM-dependent manner. Also TRAM interacted with TLR2 and MyD88 suggesting that TRAM acts as a bridging adapter between these two molecules. Furthermore, infection of macrophages lacking TRAM with herpes viruses led to impaired induction of type I IFN, indicating a role for TRAM in this TLR2-dependent pathway, while Staphylococcus aureus stimulated IFN-β was also TRAM-dependent. Thus TRAM acts as a sorting adaptor not only for TLR4, but also for TLR2, to facilitate signaling to IRF7 at the endosome, which explains how TLR2 is capable of causing type I IFN induction in response to both viral and bacterial pathogens.
Materials and Methods

Cell culture
HEK293T cells were purchased from European Collection of Animal Cell Cultures (Salisbury, UK). HEK293 cells stably transfected with TLR4, MD2 and CD14 (HEK293-performed using Qiagen's One-Step RT-PCR Kit (Qiagen, Valencia, CA) according to manufacturer's instructions. Quantitative real-time PCR was done using GoTaq qPCR Master Mix (Promega, Madison, WI) and the 7500 Fast Real-time PCR System (Applied Biosystems) with the following primers: mTNFα forward, 5′-TCCCCAAAGGGATGAGAAGTT-3′, and reverse, 5′-GTTTGCTACGACGTGGGCTAC-3′; mIFNβ forward, 5′-ATGGTGGTCCGAGCAGAGAT-3′, and reverse, 5′-CCACCACTCATTCTGAGGCA-3′. To measure knockdown of Mal or TRAM mRNA by treatment with siRNA (described below), cDNA from HEK293-TLR2 cells was prepared as above and analyzed by qPCR using the following primers: hTRAM forward, 5′-TTCCTGCCCTCTTTCTCTCTC-3′, and reverse 5′-AACATCTCTTCCACGCTCTGA-3; hTIRAP/Mal forward, 5′-CCAGCCTTTCACAGGAGAAG-3′, and reverse, 5′-ATATTCGGGATCTGGGGAAG-3′. Relative mRNA expression was calculated using the comparative C T method, normalizing the gene of interest to the housekeeping gene β-actin, and comparing it to an untreated sample as calibrator.
Cytokine analysis
For cytokine production, iBMDMs were seeded at 2 × 10 5 cell/ml in 96-well plates 24 h prior to treatment. The supernatants were collected and assessed for TNF-α by ELISA (R&D Systems, Minneapolis, MN). IFN-β protein in cell culture supernatants was measured using a custom ELISA originally described elsewhere (40) , with a few modifications. In brief, high-binding 96-well polystyrene plates were coated overnight with a 1:1000 dilution of rat anti-mouse IFN-β mAb (Santa Cruz, Heidelberg, Germany) in carbonate buffer (10 mM NaHCO3, 3.4 mM Na2CO3, pH 9.4-9.6) at 4°C. Plates were washed three times and then blocked with 10% FCS/PBS for 2 h at 37°C. The blocking solution was removed and 40μl of recombinant IFN-β standard (PBL Biomedical Laboratories, Piscataway, NJ) in triplicates and 1:2 serial dilutions in 10% FCS/PBS starting at 20U/ml was applied to the plate. 40μl sample supernatant (undiluted or diluted 1:2 with 10% FCS/PBS) were added to each well and incubated at 4°C over night. The following day the plates were washed and incubated over night with 50μl/well of rabbit anti-mouse IFN-β pAb (PBL Biomedical Laboratories, Piscataway, NJ) diluted 1:2000 in 10% FCS/PBS. After washing, the plates were incubated for 2h with 50μl/well of anti-rabbit horseradish peroxidase (HRP; SigmaAldrich) diluted 1:2000 in 10% FCS/PBS. The plates were washed again and developed with TMB substrate as usual. Experiments were performed three times in triplicate, and data are expressed as mean ± S.D. from one representative experiment.
Reporter gene assays
HEK293-TLR4 cells (4 × 10 4 cells per well) or HEK293-TLR2 cells (2 × 10 4 cells per well) were seeded into 96-well plates and transfected 24 h later with expression vectors and luciferase reporter genes using GeneJuice (Novagen/Merck, Nottingham, UK). For the NF-κB assays, 60 ng of κB-luciferase reporter gene was used. For the IRF3 and IRF7 assays, IRF3-Gal4 and IRF7-Gal4 fusion vectors (1-3 ng) were used in combination with 60 ng pFR luciferase reporter as described previously (34) . In all cases, 20 ng/well of phRL-TK reporter gene was cotransfected to normalize data for transfection efficiency. The total amount of DNA per transfection was kept constant at 230 ng by addition of pCMV-Myc.
After 24 h, cells were stimulated with the indicated TLR ligands. After a further 6 h, cells were lysed in Passive Lysis Buffer (Promega, Madison, WI) and whole cell lysates were analyzed for luciferase activity. Firefly luciferase activity was normalized to Renilla luciferase activity, and data are expressed as the mean fold induction, relative to control levels, for a representative experiment from a minimum of three separate experiments, each performed in triplicate.
Transfection of HEK293-TLR cells with siRNA
HEK293-TLR4 cells (1 × 10 5 cells/ml) or HEK293-TLR2 (0.5 × 10 5 cells/ml) cells were seeded into 96-well plates and transfected 24 h later with 50 nM control siRNA or siRNA targeting TRAM or Mal (ON-TARGETplus Dharmacon siRNA from Thermo Scientific) using Lipofectamine (Invitrogen). A second transfection was then done 24 h later with relevant reporter assay constructs as described above. NF-κB-luciferase activity or IRF7-Gal4 transactivation was measured 24 h later after the relevant stimulations. To measure knockdown of Mal or TRAM mRNA after siRNA treatment, HEK293-TLR2 cells (0.5 × 10 5 cells/ml) were seeded into 24-well plates and transfected with 50 nM siRNA as above. After 48 h transfection, cDNA was prepared from these cells and Mal or TRAM mRNA measured by qPCR. To measure knockdown of Mal or TRAM protein after siRNA treatment, HEK293-TLR2 cells (0.5 × 10 5 cells/ml) were seeded into 6-well plates and transfected with 50 nM siRNA as above. A second transfection was then done 24 h later with 1 μg of either Flag-Mal or Flag-TRAM. Cell lysates were prepared 24 h later and analyzed by SDS-PAGE and immunoblotting.
Confocal microscopy
HEK293 cells were transfected with plasmids expressing YFP and CFP fusion proteins using GeneJuice (Novagen/Merck, Nottingham, UK)) according to the manufacturer's protocol. iBMDM cells were transfected with plasmids using Lipofectamine (Invitrogen) according to the manufacturer's protocol. Media was replaced 24 h after transfection and cells were left to recover for a further 24 h. Cells were treated with TLR agonists as required. For intracellular staining, the cells were fixed with 2% paraformaldehyde in PBS, incubated for 15 min on ice, permeabilized with PEM buffer (80 mM K-Pipes [pH 6.8 ], 5 mM EGTA, 1 mM MgCl 2 , 0.05% saponin) for 15 min on ice, quenched of free aldehyde groups in 50 mM NH 4 Cl with 0.05% saponin for 5 min, and blocked in PBS with 10% FCS and 0.05% saponin for 20 min. The cells were incubated with 5 μg/ml primary Ab in PBS with 0.05% saponin for 60 min at room temperature. Alexa Fluor-labeled secondary Abs (Invitrogen) were added for 30 min at room temperature and cells washed three times in PBS with 0.05% saponin. Images were captured using a confocal laser scanning microscopy (Olympus FluoView TM FV1000), at 60× original magnification.
GST pulldown assays
Empty pGEX.4T2, or pGEX.4T2 plasmid containing TRAM were transformed into Escherichia coli Rosetta-Gami B Host Strains (Novagen/Merck, Nottingham, UK) and grown in LB Broth. Protein expression was induced with 0.5 mM IPTG at 30°C. Bacterial cells were harvested by centrifugation after 6 h induction and lysed using BugBuster Stack et al. Page 6 (Merck/Millipore, Nottingham, UK). Insoluble fractions were removed by centrifugation. The remaining soluble fractions were cleared by glutathione sepharose 4B affinity chromatography (Amersham Biosciences) and levels of protein expression confirmed by SDS-PAGE and Coomassie staining of the gel. HEK293T cells were seeded into 15-cm dishes (3 × 10 6 cells) 24 h before transfection with GeneJuice. Cells were transfected with the relevant signaling molecule or pCMV-myc plasmid. Cells were harvested after 48 h in 850 μl lysis buffer (50 mM Hepes, pH 7.5, 250 mM NaCl, 1 mM EDTA, 10% glycerol, 1% NP-40 containing 0.01% aprotinin, 1 mM sodium orthovanadate, and 1 mM PMSF) for 30 mins on ice. Whole cell lysates were clarified by centrifugation. 50 μl cleared lysate was retained for analysis of protein expression (i.e. input lysate), the remainder was divided in two and was added to either purified GST or purified GST-fusion protein coupled to glutathione-sepharose and incubated for 2 h at 4°C. The immune complexes were precipitated and washed four times in lysis buffer. Pulldowns were analyzed by SDS-PAGE and immunoblotting.
IFN-α/β bioassay of virally infected BMDMs
The viruses used were HSV-1 (F+ strain), HSV-2 (333 strain), MHV68 and Sendai virus (SeV, Cantell strain). HSV-2 and HSV-1 were amplified in Vero cells whereas MHV68 was amplified in BHK-21 cells. Immortalized BMDMs were seeded in 48-well plates at a density of 4 × 10 5 cells per well and were infected with viruses, or transfected with lipofectamine alone or with dsDNA as indicated. IFN-α/β bioactivity was measured by a L929 cell-based bioassay. L929 cells (2 × 10 4 cells/well in 100 μl) in MEM with 5% FCS were incubated overnight at 37°C in successive 2-fold dilutions of samples or murine IFN-α/β as standard. Subsequently, vesicular stomatitis virus (VSV/V10) was added to the wells and the cells were incubated for 2-3 days. The dilution mediating 50% protection was defined as 1 U/ml of IFN-α/β (41).
Infection of BMDMs with S.aureus
S.aureus strain SH1000 has been previously described (42, 43) . Bacteria were cultivated from frozen stocks for 24 h at 37°C on agar plates. Bacterial suspensions were then prepared in PBS, and the concentrations estimated by measuring the absorbance of the suspension at 600 nm. iBMDM cells were infected with live S.aureus at multiplicities of infection (MOIs) of 10 and 100 for the indicated times as previously described (43) . Supernatants were then collected and assayed for IFN-β by ELISA.
Statistical analysis
Statistical analysis was carried out using paired Student's t test.
Results
VIPER inhibits TLR2-dependent IFN-β production
We previously showed that the peptide VIPER derived from the VACV protein A46 could block TLR4-dependent gene induction, by antagonizing TRAM and Mal, but not MyD88 nor TRIF (35) (36) (37) . Consistent with this, VIPER did not inhibit TNF-α production mediated by TLRs 2, 3, and 9 (36). Since stimulation of TLR2/1 and TLR2/6 heterodimers with Pam 3 CSK 4 or Malp2 respectively leads to production of type I IFNs via a signaling pathway that has yet to be fully elucidated, we tested the effect of VIPER on this pathway. Stimulation of iBMDM cells with either Pam 3 CSK 4 or Malp2 led to induction of IFN-β mRNA, which interestingly was significantly inhibited by pretreatment of cells with VIPER, but not with CP7 control peptide (Fig. 1A) . As expected from previously published work (36), VIPER, but not CP7, could also impair induction of LPS-induced IFN-β mRNA (Fig.  1B) . Although LPS stimulation induces a much higher level of IFN-β mRNA in WT iBMDMs than either Pam 3 CSK 4 or Malp2, a similar level of IFN-β protein was produced by these cells in response to all three ligands, and VIPER significantly inhibited production of IFN-β for each of these ligands (Fig. 1C) . In contrast, only LPS-induced TNF-α mRNA and protein ( Fig. 1E and 1F ), and not Pam 3 CSK 4 -or Malp2-induced TNF-α mRNA and protein ( Fig. 1D and 1F) , were inhibited by VIPER treatment of cells. These data demonstrate that VIPER can impair TLR2-dependent production of IFN-β but not TNF-α, which was suggestive of a role for Mal and/or TRAM in TLR2-induced type I IFN.
Mal and TRAM are required for TLR2-dependent IFN-β production
In order to determine whether TRAM and/or Mal are required for TLR2-mediated IFN-β production, iBMDMs deficient in either Mal or TRAM were examined for their ability to produce IFN-β mRNA and protein in response to Pam 3 CSK 4 . Time course analysis of mRNA induction showed that Pam 3 CSK 4 induced IFN-β transcription in WT iBMDMs with a rapid kinetic, peaking at 3 h ( Fig. 2A) (Fig. 2E) or protein (Fig. 2F ). It has previously been shown that TRIF is not involved in this pathway (32) , and this was also confirmed here since the Pam 3 CSK 4 -IFNβ response was not impaired in TRIF −/− iBMDMs (Fig. 2E, F) . These data confirm that TLR2-dependent induction of IFN-β requires MyD88 and not TRIF, and reveal a role for Mal and TRAM in this pathway.
TLR2 activates IRF7 via Mal and TRAM
IFN-β mRNA induction by TLRs is regulated by IRF3, IRF7 and NF-κB (45). To assess the involvement of these transcription factors in the TLR2-IFN-β signal transduction pathway, HEK293 cells stably transfected with TLR2 were utilized (HEK293 cells naturally express the TLR2 coreceptors TLR1 and TLR6 (46)). The ability of Malp2 to activate IRF3, IRF7 and NF-κB, and the effect of VIPER on transcription factor activation, was measured by reporter gene assay (34, 47) . Fig. 3A -C shows that Malp2 treatment stimulated activation of all three transcription factors, however VIPER only inhibited IRF7 activation (Fig 3B) . The lack of effect of VIPER on TLR2-stimulated NF-κB activation was consistent with the Stack et al. Page 8 inability of VIPER to inhibit TNF mRNA induction by TLR2 (Fig. 1D) , which is strongly NF-κB-dependent. Further, the effect of VIPER on TLR2-stimulated IRF7 activation and not on IRF3 implicated IRF7 in the VIPER-sensitive TLR2-mediated IFN-β mRNA induction (Fig. 1A) . In agreement with a previous study showing that VIPER inhibits all signals downstream of TLR4 (36), pretreatment of HEK293-TLR4 cells with VIPER potently blocked LPS-dependent activation of NF-κB, IRF7 and IRF3 (Fig. 3, D-F) .
Since TLR2-stimulated IRF7 was sensitive to VIPER we next determined whether TRAM and/or Mal were involved in this pathway using siRNA. We used a combination of four antiMal or anti-TRAM siRNAs, provided as single reagents, and a combination of four nontargeting siRNAs as a control, and assessed the role of Mal and TRAM in IRF7 activation, compared to NF-κB activation. This demonstrated a role for Mal in both NF-κB and IRF7 activation by TLR2 (Fig. 4A, B) , while TRAM was required for TLR2-stimulated IRF7 but not NF-κB activation. Similar results were obtained for TLR4-stimulated transcription factor activation, whereby both Mal and TRAM were required for NF-κB activation (Fig. 4C ) while TRAM and not Mal was required for IRF7 activation (Fig. 4D) . We confirmed the efficacy of the siRNAs by showing reduced mRNA induction of the targets (Fig. 4E, F) and also reduced protein expression of overexpressed Mal ( Fig. 4G ) and TRAM ( Fig. 4H) , since commercially available anti-Mal and anti-TRAM antibodies were not successful in our hands for detecting endogenous Mal or TRAM in HEK 293 cells. These data show that both Mal and TRAM are required for TLR2 signaling to IRF7.
TLR2 mediated IRF7 activation requires endocytosis
TLRs appear to signal from the endosome in order to stimulate IRF activation. TLR3, TLR7, TLR8 and TLR9 are naturally located at endosomal compartments, whereas for TLR4 stimulation of IRF activity, it is necessary for the receptor to move to endosomal compartments after ligand engagement (7). For TLR2, Dietrich et al showed that upon activation, TLR2 is internalized and transported into endolysosomal compartments from where it induces IFN-β, since Malp2 or Pam 3 Csk 4 -stimulated IFN-β (but not TNF-α) induction was blocked by BafilomycinA (BafA), an inhibitor of the endosomal proton pump (31). Here BafA inhibited Pam 3 Csk 4 -stimulated IRF7 but not NF-κB activation (Fig. 5A,  B) , and as expected LPS-stimulated IRF7 and not NF-κB (Fig. 5C, D) . Hence, similar to TLR4, the TLR2 signaling pathway to IRF7 requires both TRAM and endocytosis. Consistent with this, when the myristoylation motif of TRAM, which is required for TRAM to localize at endosomes (7, 9) , was mutated at a single amino acid residue, the ability of TRAM to activate IRF7 was impaired: Fig. 5E shows that expression of TRAM but not TRAM G2A led to activation of IRF7.
TLR2-stimulated intracellular mobilization of MyD88 is TRAM-dependent
The data so far demonstrated that TLR2 signaling to IFN induction requires MyD88, TRAM, endocytosis and IRF7 activation, and that TLR2 stimulation causes TRAM to relocate to endosomes. This suggested that, similar to the case for TLR4, TRAM could be required for TLR2 as a sorting adaptor to mobilize a signaling adaptor to an endosome (which is TRIF in the case of TLR4 (7)). If TRAM is a sorting adaptor for the TLR2-IRF7 pathway, TLR2 ligand stimulation should cause relocalization of MyD88 within the cell in a TRAM-dependent manner. In order to test this prediction, HEK293 cells were transfected with TLR2-YFP, TLR6-YFP and MyD88-CFP and then treated with Malp2. In untreated cells TLR2/6 was observed at the periphery of the cells whereas MyD88 was spread diffusely throughout the cell (Fig 6A, upper panel) . After 20 min Malp2 treatment, TLR2/6 was observed in punctate structures throughout the cell and MyD88 and TLR2/6 were observed to co-localize in large intracellular structures (Fig 6A, lower panel, see arrows) . After 20 min Malp2 treatment, an average of 61 % of transfected cells contained MyD88 in large intracellular structures compared with 2 % of unstimulated cells (Fig 6B) , strongly suggestive of TLR2-stimulated re-localization of MyD88 to intracellular compartments.
In order to determine if the observed Malp2-induced mobilization of MyD88 was dependent on the presence of TRAM, we transfected WT iBMDM or TRAM −/− iBMDM with MyD88-CFP. Prior to TLR2 stimulation, MyD88 was spread diffusely throughout the cytoplasm of both WT and TRAM −/− iBMDMs (Fig 6C, top panels) . After 20 min Malp2 treatment MyD88 could be observed in endosome-like structures, reminiscent of those observed in the HEK293 cells. Compellingly, this mobilization of MyD88 could only be observed in the WT and not in the TRAM −/− iBMDMs ( Fig 6C, lower panels) . Further, after 20 min Malp2 treatment, on average 81 % of WT iBMDMs contained MyD88 in punctate structures compared with 5 % of TRAM −/− iBMDMs ( Fig 6D) . Thus intracellular movement of MyD88 after TLR2 stimulation is TRAM-dependent.
Under basal conditions TRAM is known to localize to the plasma membrane and to endosomal compartments. In response to LPS, TRAM is initially mobilized to EEA1-positive early endosomes and can also be found in Rab11-positive sorting/recycling endosomes (48, 49). Thus we next investigated if the compartments to which MyD88 localized after Malp2 stimulation were early endosomes. As seen in Fig 6E, left panel, the MyD88-positive, TLR2/6-positive compartments (white arrows) did not correlate with the EEA1-positive early endosomes. This observation was paralleled in WT BMDMs (Fig 6E,  right panel, see arrow) . In order to ensure the cells were responding normally, TRAM-GFP was transfected into WT iBMDMs and cells were stained for EEA1. As expected, TRAM localized to the membrane (Fig 6F, first panel, green arrow) and to endosomal structures ( Fig 6F, first panel, white arrow) in untreated cells. After 20 min LPS treatment, TRAM was found to co-localize with EEA1-positive early endosomes (Fig 6F, second panel, see  arrows) . Interestingly, after 20 min Malp2 treatment TRAM localization was distinctly different from that observed after LPS treatment, as TRAM was observed in large EEA1-negative endosome-like structures reminiscent of the Malp2-inducible MyD88-TLR2/6-positive compartments (Fig 6F, third panel, see arrows) . As a control we showed that ligand stimulation of TLR7 with CLO75, while increasing the number of EEA1-positive endosomes, did not induce observable TRAM mobilization, with the vast majority of TRAM localized in a similar pattern to the untreated cells (Fig 6F, fourth panel) . Thus TLR2 causes relocalization of both MyD88 and TRAM to large intra-cellular compartments that are distinct from the EEA1-positive endosomes that TLR4 stimulates TRAM to locate to.
Together these data indicated that MyD88 and TRAM likely localize together at the same TLR2/6-positive compartment in response to Malp2, a structure that is distinct from the early endosomes involved downstream of LPS signaling, and that the TLR2 stimulation of MyD88 movement to these compartments requires the sorting adaptor TRAM.
TRAM interacts with TLR2 and MyD88
To gain further evidence that TRAM acts as a sorting adaptor for TLR2, and controls MyD88 location after TLR2 stimulation, we tested whether TRAM interacted with TLR2 and MyD88, as is the case for TLR4 and TRIF. For this, a GST pulldown assay was used, whereby the ability of the TIR proteins expressed in cells to interact with a GST fusion of TRAM was examined. Cell lysates from TLR2-or TIR adaptor-expressing cells were incubated with equal amounts of either GST or GST-TRAM (Fig. 7A) . Immunoblot of GST pulldowns demonstrated that TLR2 interacted with GST-TRAM (Fig. 7B, top panel, lane 2 ), but not with GST alone (Fig. 7B, middle panel) . The known TRAM-interaction partner in the TLR4 receptor complex, TRIF, also associated with GST-TRAM in this assay (Fig. 7B,  top panel, lane 3) . Consistent with the notion that TRAM would provide a link between TLR2 and MyD88, GST-TRAM also interacted with MyD88 (Fig. 7C, top panel, lane 3) . In agreement with published data (47), GST-TRAM also interacted with Mal in this assay (Fig.  7C , top panel, lane 2). Thus TRAM can interact with all the known components of the TLR2 complex, namely Mal, MyD88 and TLR2 itself.
Pathogen-induced type I IFN is TRAM-dependent
Since TRAM-dependent TLR2-stimulated type I IFN would likely be relevant for anti-viral innate immune sensing, we tested whether herpes virus-induced type I IFN was TRAMdependent in mouse macrophages. HSV, an alphaherpesvirus, is detected by TLR2 and TLR9 through recognition of a still unidentified viral surface component and viral genomic DNA, respectively (22, 50-52), while MHV68 induces type I IFN via TLR2 in MEFs and in vivo (33) . Here, infection of WT iBMDMs with HSV-1, HSV-2 or MHV68 led to induction of type I IFN as measured by bioassay (Fig. 8A ). This herpes virus-stimulated type I IFN induction was strongly impaired in TRAM −/− cells (Fig. 8A) . In contrast, type I IFN produced by Sendai virus infection, or dsDNA transfection, of BMDMs was identical in WT or TRAM −/− BMDMs (Fig. 8A) . These data suggest a role for TRAM in the TLR2-dependent type-I IFN response to HSV and MHV68. We also tested the ability of S.aureus, a gram positive bacterium for which TLR2 is a major PRR in macrophages and in vivo (53) (54) (55) (56) (57) (58) , to stimulate IFN-β production BMDMs. Fig. 8B shows that infection of WT BMDMs with S.aureus strain SH1000 at an MOI of 10 produced a comparable amount of IFN-β production as the pure TLR2 ligands Pam3CSK4 and Malp2, and even higher IFN-β production than the pure TLR2 ligands at an MOI of 100. Similar to the case for Pam3CSK4 and Malp2, live S.aureus-induced IFN-β was significantly impaired in TRAM −/− BMDMs compared to WT cells, for all MOIs and time points tested (Fig. 8B) , indicating that in addition to pure TLR2 ligands, S.aureus-induced IFN-β in macrophages is TRAMdependent.
Discussion
In recent years there has been a growing appreciation that upon encountering either viral or bacterial ligands, TLR2 heterodimers not only signal induction of pro-inflammatory cytokines, but also of type I IFN. This implied that similar to TLR4, and to the wellcharacterized endosomal TLRs such as TLR3 and TLR7, TLR2 signaling would activate IRFs. Indeed, Dietrich et al showed that induction of IFN-β by bacterial ligands of TLR2 was IRF7-dependent in BMDMs (31). They also showed that similar to other TLRs, TLR2 signaling to IRFs occurred at endosomes, and not at the plasma membrane. However, apart from the requirement of MyD88 for TLR2-stimulated IRF7 activation, it was unclear how TLR2 signaling at the endosome would be enabled, and in particular whether other TIR adaptor proteins apart from MyD88 are required. For TLR4, TRAM is known to be the key sorting adaptor that facilitates endosomal-dependent signaling, in that case via TRIF.
Here we show that TLR2-dependent IRF activation at the endosome requires both Mal and TRAM, and that TRAM is required for the TLR2-stimulated movement of MyD88 to endosomes following ligand engagement. This pathway operates for both TLR2/1 and TLR2/6 receptor complexes since we always obtained almost identical results for Pam3CSK4 and Malp2. Furthermore we demonstrate that TRAM interacts with both TLR2 and MyD88, and that both herpes virus-and S. aureus-stimulated type I IFN induction in BMDMs is TRAM-dependent. Thus our work reveals a novel and broader role for TRAM than was previously appreciated, in that TRAM acts as a sorting adaptor not only for TLR4, but also for TLR2, to facilitate signaling to IRF7 at the endosome. Our data do not exclude the possibility that other IRFs apart from IRF7 are also involved in TRAM-dependent induction of type I IFNs by TLR2. Indeed, Dietrich et al showed that in BMDMs lacking either IRF7 or IRF1 (but not IRF3), TLR2-dependent IFN-β production was impaired (31), while Liljeroos et al showed that in RAW264.7 macrophages both IRF1 and IRF2 had a role in TLR2-dependent IFN-α production (44) . Whether other IRFs such as IRF5 might also be involved in TLR2 response pathways remains to be determined, as does the exact mechanism whereby TRAM would regulate a specific IRF downstream of TLR2.
Interestingly, a role for TRAM in TLR2 signaling was previously hinted at through the use of dominant-negative TRAM (59). Sacre et al used an adenoviral construct expressing TRAM mutated in the key signaling BB loop domain (TRAM-C117H) and observed that this mutant inhibited LPS-and LTA-(i.e. TLR2-) induced NF-κB activation and cytokine production in human synovial fibroblasts, human umbilical endothelial cells and MEFs, but not in human macrophages. Thus they concluded that TRAM is an adaptor protein for both TLR4 and TLR2/6 signaling in specific cell types (59). Here we used three different approaches to examine the role of TRAM in TLR2 signaling, namely the VIPER peptide inhibitor of TRAM, TRAM siRNA and TRAM −/− iBMDMs. These approaches revealed that TRAM was required for IRF7 activation and IFNβ induction, but not for TLR2-dependent NF-κB activation or pro-inflammatory cytokine production. Other studies using TRAMdeficient murine peritoneal macrophages (60) or TRAM dominant negative in HEKTLR2 cells (61) concur with our conclusion of no role for TRAM in pro-inflammatory signaling initiated by TLR2. However, the exact role of TRAM in TLR2 responses may vary in different cell types.
The role of TRAM in TLR2-stimulated IRF activation revealed here is reminiscent of a similar requirement of TLR4 for TRAM. TLR4 initially signals at the plasma membrane (via Mal and MyD88) and is then internalized into early endosomes, where signaling switches to utilizing TRAM and TRIF ( Fig. 9) (7, 62) . Thereafter, TLR4 moves to late endosomes where TRIF-dependent signaling is suppressed by TRAM adaptor with GOLD domain, a splice variant of TRAM (48) . Endosomal location and IRF signaling for TLR4 are both dependent on TRAM, and compromised when the myristoylation motif of TRAM is mutated. Here we showed TLR2-stimulated re-localization of MyD88 to intracellular compartments was TRAM-dependent, in the same way that TLR4-stimulated relocalization of TRIF to endosomes is TRAM-dependent. Further, TRAM interacted with both TLR2 and MyD88, consistent with the notion that it acts as a bridging adaptor to link TLR2 and MyD88, as well as a sorting adaptor to facilitate TLR2 and MyD88 locating at the endosome.
That TRAM and MyD88 interact was also recently demonstrated by Ohnishi et al, who also showed that TRAM was required for IL-18 signaling and thus suggested a role for TRAM as a bridging adapter between MyD88 and the IL-18R (63). How exactly TRAM engages with MyD88 remains to be determined, although those authors showed that the binding site for TRAM on MyD88 overlaps with the binding site used by MyD88 to engage Mal (63). Therefore during TLR2 signaling, it is conceivable that MyD88 may be directly transferred from Mal to TRAM as the TLR2 complex moves from the plasma membrane ( Fig. 9) , or alternatively the TLR2 signaling complex may engage MyD88 via TRAM from the outset of initiation of signaling. Discriminating between these possibilities will require further studies.
TLR2 has previously been shown to be internalized after ligand engagement (64) . In that study the authors concluded that TLR2 internalization was not actually required for signaling; however they only examined NF-κB activation, which we showed here does not require TRAM or endocytosis. Apart from TRAM, we also showed that Mal, which is required for some but not all TLR2-dependent signaling events (16, 17) , is essential for TLR2-dependent IRF7 activation and IFNβ induction. It has been hypothesized that the reason TLRs signal to IRFs from the endosome and not the plasma membrane is because TRAF3 can only engage with TLR signaling at the former location (7). Whether TRAF3 is required for the endosomal TLR2-TRAM-IRF pathway remains to be confirmed. Which downstream kinases activate IRFs after TLR2-TRAM signaling at the endosome also remains to be determined.
The data lead to the following model for TRAM involvement in TLR2 signaling to IRFs for type I IFN induction (Fig 9) : Upon ligand engagement at the plasma membrane, TLR2 recruits MyD88 via Mal, giving rise to NF-κB activation. This part of the signaling process for TLR2 is TRAM-independent (Fig. 4A) . Thereafter, a TLR2-TRAM-MyD88 complex would be endocytically internalized. This leads to formation of a TLR2-signaling competent endosome to affect IRF7 activation. Within this part of the signaling process, Mal might directly transfer MyD88 to TRAM to license the complex for endosomal localization and subsequent signaling. Alternatively, Mal itself may also be retained in the endosomal TLR2 signaling complex. Since our data show that both Mal and TRAM were required for IRF7 activation, further work will be required to distinguish these two possibilities. Interestingly, it was shown very recently that for natural ligands, TLR9 also needs a sorting adaptor for endosomal signaling, apart from the signaling adaptor MyD88, which in that case was shown to be Mal (Fig 9) (65) . Thus it will be of interest to re-examine whether other endosomal TLRs (TLR3, TLR7, TLR8) have any requirement for TRAM and/or Mal for signaling, which might be the case in certain cell types or for particular ligands. triplicate samples and are representative of at least three independent experiments. *p<0.05 or **p<0.005 compared to stimulated samples treated with control siRNA (siNeg). 
